Abstract -The objective of this study was to identify a possible effect of food on the acceleration of decontamination in blue mussels, Mytilus edulis, containing diarrhetic toxins belonging to the okadaic acid (OA) structural group. An experimental protocol was designed to describe and compare the decontamination kinetics and detoxification rates of naturally OA-contaminated mussels that had either received or not received food for three weeks. The protocol was applied in two trials (in June 2006 and June 2007, called Ker06 and Ker07), conducted one year apart on samples of mussels collected in the same area, at the same season. Okadaic acid (OA), the main lipophilic toxin produced by the toxic alga Dinophysis acuminata, was analysed over the course of the decontamination, in hydrolysed (total OA) and non hydrolysed (free OA) digestive gland extracts, in order to estimate acyl-esters (7-O-acyl-ester derivatives of OA) concentrations. OA analyses were also made for toxin presence in biodeposits and in the aqueous phase. Bivalve physiological status was evaluated by biomass measurements (dry weight of flesh) and two biochemical compounds (total lipid and glycogen concentrations). Measured physiological parameters showed that mussels did not suffer under experimental conditions. Both trials showed that the food accelerated the elimination of free and total OA. This effect cannot be attributed to a dilution of the toxin in the tissue, as results expressed in toxin burden led to the same conclusion. The kinetic models of decontamination differed between the two experiments: the model was linear for Ker06, provided that the values corresponding to the first two days were discarded, whereas data fitted a decreasing exponential curve better in Ker07. Detoxification rates increased as the food supply increased. After three weeks of experimentation, the detoxification rates for total OA in Ker06 and Ker07 were 52 and 61%, respectively, in unfed mussels and 90 and 89% in fed mussels (with the highest level in Ker07). Comparisons between the free OA and esters showed that detoxification rate was higher for free OA than for esters, whatever the level of food supply. The results of this study suggest that food increase probably accelerates elimination of OA and OA-esters but the latter are eliminated at a lower speed.
Introduction
The shellfish industry is the most productive part of all marine aquaculture in Europe. It relies mainly on bivalve molluscs, which are in increasing demand for both fresh and processed products (Food and Agricultural Organization, Eurostat). Nevertheless, farmed shellfish production is being drastically affected by the development of toxic microalgae. In Europe, economic losses are mainly the result of proliferation of microalgae from the genera Dinophysis spp. When Dinophysis cells proliferate in littoral water, human consumption of contaminated shellfish may result in intoxications with symptoms similar to severe gastroenteritis (diarrhetic shellfish poisoning or DSP). Toxins produced by Dinophysis spp. can be separated into two families of polyether compounds, each of which include several structurally similar molecules: (1) okadaic acid and its analogues and (2) the pectenotoxins. The okadaic acid group, responsible for most DSP outbreaks comprises: okadaic acid (OA), its isomer dinophysistosin-2 (DTX-2) (Hu et al. 1990a ) and its methyl derivative, named dinophysistoxin-1 (DTX-1) (Murata et al. 1982) , plus the esters of these parent compounds. These esters are divided into two sub-groups according the origin of their discovery. In algal cells, the ester sub-groups such as diol-esters result from the acylation of the carboxyl group of the parent molecules. The first diol-esters were isolated from a Prorocentrum lima culture (Hu et al. 1990b) , another dinoflagellate producer of diarrheic toxins. In bivalves, another kind of derivative was discovered: the 7-O acyl esters, so called because their ester bond is engaged in the seventh carbon atom with diverse saturated or unsaturated fatty acid chains. The DTX-1 acyl esters were firstly described in scallops and grouped under the name of DTX-3 (Yasumoto et al. 1985) . Later, OA and DTX-2 acyl esters were found in Irish mussels (Marr et al. 1992 ). As they have not yet been detected in the Dinophysis cells and are less toxic than their parent molecules (Yanagi et al. 1989) , it has been assumed that these acyl esters are the products of metabolic activity in bivalve digestive glands (Suzuki et al. 1999 (Suzuki et al. , 2005 . The toxins from the OA family are often referred to as "dinophysistoxins" or "DTXs" in the literature, even though historically the term DTXs refers only to DTX-1, DTX-2 and their acylate analogues. These toxins are likely to be found in the digestive tract of bivalves but, due to the lack of standards, only OA is quantified using a certified standard. The parent molecules (DTX-1, 2) are currently quantified in shellfish by making the assumption that they have the same liquid chromatography-mass spectrometry (LC-MS) response as OA. The acylate derivatives are estimated as parent molecules after a hydrolysis step on the extract.
Among commercial bivalves, blue mussels present the highest risk of causing diarrheic shellfish poisoning. From 1978, in the first description of this kind of intoxication, Yasumoto et al. (1978) observed that mussels were more toxic than the scallops and oysters collected in the same area. Later, studies comparing the contamination level of different edible shellfish showed that mussels accumulate DTX more rapidly and intensively than other bivalves (Vale and Sampayo 2002) . In a study on the dynamics of contamination, Sidari et al. (1998) highlighted the ability of mussels to select dinoflagellates and their preference for Dinophysis cells.
Shellfish do not remain toxic indefinitely but the time required for depuration is extremely variable. Hence, it is of great interest to find methods to speed up detoxification processes in order to minimize economic losses. Initial attempts to improve depuration time focused on the transplantation of contaminated mussels to an area free of toxic cells and showed promising decontamination rates. In Sweden, Haamer et al. (1990) obtained a decrease in OA concentration of around 50% over 4 days (12 µg 100 g −1 meat per day in mussels). In Italy, with the same technique, the OA concentration diminished from 4.25 to 0.72 µg g −1 in mussel digestive glands in 8 days (Poletti et al. 1996) , i.e. assuming that DG represented 20% of the total flesh. However, such transfers are not always possible and sometimes, as seen in Sweden and Norway, decontamination takes place very slowly (Svensson 2003; Duinker et al. 2007 ). Inshore depuration systems permitting the control of certain parameters, like temperature and food supply, have also been investigated. However, an expected positive effect of temperature on bivalve decontamination was not demonstrated. For example, Dahl and Yndestad (1985) observed that the DTX content decreased in spring when the local water temperature was around 0
• C and phytoplanktonic biomass was increasing. Like subsequent authors (Lindahl and Hageltorn 1986; Edebo et al. 1988; Haamer et al. 1990 ), they hypothesised that food plays an essential role in toxin elimination. Additionally, Marcaillou et al. (1993) showed that OA concentration went down faster when the mussels were fed sufficiently with a continuous flux of sea water containing natural phytoplankton than when they were maintained with just a survival ration. In 1999, in an in situ transfer experiment, Blanco et al. studied the influence of different environmental conditions (salinity, temperature, fluorescence, light transmission, mussel body weight) on OA depuration in mussels contaminated by a Dinophysis bloom. They highlighted, using principal component and multiple regression analysis, that fluorescence and light transmission (seston markers) seem to have the most prominent effect on depuration. However, these authors failed in their attempt to quantify the influence of these parameters on the decontamination rates and did not include esters in their analysis. Another experiment on mussel decontamination in sea-water showed that the elimination kinetics of OA and DTX-1 were different from those of their acyl esters (DTX-3), supposedly produced by the bivalve (Fernández et al. 1998) .
All these previous studies support the hypothesis of a positive effect of food supply on toxin elimination, describing a biphasic kinetic with a rapid first phase and a slow second one. However, no direct evidence has been given and, more recently, authors have challenged this hypothesis.
In 2003, Svensson followed the OA concentration in mussels subjected to three experimental conditions: without food and with two levels of a mixture of non toxic microalgae, over 32 days. This work demonstrated a 50% decrease in toxin concentration but no significant difference between the mussels that were fed and those that were left unfed; there was also no significant difference between the two microalgae levels. Findings were the same when results were expressed in total OA content of the digestive gland. Subsequently, from data collected in the field, Svensson et al. (2004) recorded a rapid decrease in OA concentration before the occurrence of the diatom bloom. Hence, the authors questioned whether food had a positive effect, and hypothesised that lipid content plays a role in OA elimination. Nevertheless, the results obtained from a laboratory experiment conducted as part of the same study revealed no relation between OA elimination and lipid content in the digestive gland. The OA esters were not investigated in either study.
In 2007, Duinker et al. also contested the positive effect of food using an original approach. They compared the field decontamination of two contaminated mussel populations that differed in age and size. The hypothesis was that younger bivalves would have a faster metabolism and could decontaminate themselves more rapidly than older animals under the same conditions. However, the results, taking into account esterified toxins and variations in the biomass over time, showed that there was no difference in the elimination kinetics between the two mussel age classes. Contrary to what was expected, younger mussels did not depurate faster than older ones. The authors concluded that differences in feeding and metabolic activity did not affect the elimination rate of DTX.
From this review, it is therefore not possible to draw a clear conclusion about the effect of food on detoxification, due to the heterogeneity of the experimental conditions, the diversity of the parameters measured and the high variability of individual results. In the present study, the detoxification issue is reconsidered in an attempt to take into account the recommendations made in these previous studies or the negative results they recorded.
Two decontamination experiments were set up in the same season in two consecutive years, on mussels of same species, with the objective of describing the detoxification kinetics in the presence and absence of food in a controlled system. The mussels studied in these experiments came from an area regularly affected by Dinophysis acuminata, a species known to produce mainly OA and esters that have yet not been individually identified (Marcaillou et al. 2005) . However, in contrast to the previous studies, decontamination kinetics were established, separately quantifying free OA and total OA (which includes all esters of OA released after a hydrolysis procedure). Moreover, some physiological parameters were measured in order to evaluate bivalve condition.
Materials and methods

Experimental material
Mussel sampling. The experiments were performed in 2006 and 2007 and named Ker06 and Ker07, respectively. For both experiments, toxic mussels were collected from a shellfish production area, Kervoyal ("Ker"), located in South Brittany (Atlantic coast) during the increasing phase of Dinophysis acuminata proliferation in June. Approximately 350 kg of mussels (Mytilus edulis, 4-7 cm size) were harvested by a shellfish farmer on the day when the contamination was expected to be at its highest level. The contamination level estimated a few days before the harvesting was quite similar in 2006 and 2007: around 5 µg OA eq. g −1 digestive gland (DG), fresh weight. In this area, mussels are reared on "bouchots" (wooden stakes) and samples were collected at high tide at two-three meters depth. Mussels were transported without prior sorting (so as to limit stress), to an experimental station situated approximately 100 km from the sampling point. On arrival, the mussels were washed and roughly sorted to discard any coarse waste and dead animals and all the batches were grouped into a single pile. Then, 16 trays were filled with 13-15 kg of mussels taken at random from the pile. No significant mortality was observed on the day of arrival. Experimental infrastructure. The experiment was conducted in two 0.8 m 3 tanks in which two stacks of four trays of mussels were immersed. Both tanks were supplied with a continuous flow (2.5 m 3 h −1 ) of subterranean water with the following characteristics: salinity 33-34, temperature 14-15
• C, pH 7. This water is highly stable in its physical characteristics, but unsuitable in its crude state for a depuration trial. It was therefore filtered through a biological filter before use (NH 4 is converted into NO 3 which is less toxic for shellfish) and oxygenated in order to precipitate iron (98% decrease). Food supply. The experimental station has facilities to continuously produce a large biomass of the diatom Skeletonema costatum, extensively used in aquaculture, in monoculture. The crude subterranean water is perfectly suited to diatom culture, which is done in 80 m 3 outdoor tanks and available at an initial concentration of approximately 1 × 10 6 cell ml −1 . These fodder algae were delivered into the experimental tanks via a gate regulating the flow. Two food conditions were tested in June 2006 (Ker06): a level of the diatom around 10−15 × 10 3 cell ml −1 and a "control" without food. In June 2007 (Ker07), tanks were prepared for three treatments: without food (control tank) or with diatoms at densities of around 10−15 × 10 3 cell ml −1 (Tank A) and 20−30 × 10 3 cell ml −1
(Tank B), corresponding to 1/80 and of 1/40 of the mother culture concentration, respectively. Food retention was monitored indirectly via chlorophyll a measurement at the inlet and outlet of each tank.
Methods
Experimental design and parameters. The two experiments carried out in this study used a very similar protocol. Nevertheless, due to an additional food level in the second trial, the number of sampling days was reduced at the beginning in order to adjust the work load to a practical level. Toxin evolution was monitored by chemical analysis of the digestive glands (DG), but the remaining tissues ("meat") were also verified to ascertain whether they contained any toxins. Physiological status was evaluated by measuring condition index and two biochemical parameters representing the main forms of energy storage in mussels (lipid content and glycogen; De Zwaan and Mathieu, in Gosling 1992). The possibility of toxin release into the growing environment was investigated qualitatively by testing for toxins in the biodeposits and water. Biodeposits consist of a mixture of faeces, pseudo-faeces and some inorganic matter. It was verified that the live algal culture did not sediment on the bottom of the tank. Biodeposit samples were collected on each sampling day during the trial for dry weight estimates and toxin analysis. In order to detect any dissolved toxins, SPATT resin bags (Solid Phase Adsorption Toxin Tracking) were suspended between the tray stacks. Three SPATT bags were removed four times during the experiment (on the sixth, tenth, fifteenth and twentieth days). The efficiency of this technique, inspired by a study in New Zealand , has previously been established (Fux et al. 2008) . Sample collection and processing. The decontamination monitoring was based on 8 and 6 mussel sampling dates in Ker06 and Ker07, respectively, defined as Tn, where n indicates the day of sampling. On sampling days, the trays were removed from the tanks and the water drained very slowly to allow the biodeposits to sediment and the collection of an aliquot. To take into account the individual variability, a large mussel sample was prepared on each occasion. For each tank, the procedure was as follows: approximately 15-20 individual mussels were removed at random from each tray and then grouped to form the sample (1.5-2 kg per tank) for parameter measurement. The weight of all samples taken over the course of the trial represented less than 15% of the total weight of the mussels in each tank. Dead animals were discarded and weighed. For chemical analysis, a sub-sample from the pool of around 1 kg was then dissected, separating the digestive gland (DG) from the remaining tissues, regarded as residual meat. After draining, the tissues were transferred into tubes for immersion in liquid nitrogen: DG were stored at -80
• C and residual meat at -30
• C in the laboratory. Water content was calculated for DG and residual meat from an aliquot of these ground homogeneous matrices after freeze-drying. The remaining individuals were used for the condition measurement. Chlorophyll a monitoring. Water samples were collected at the inlet and outlet of each tank every 3 or 5 days over the course of the experiment. Chlorophyll a concentration was measured by the Lorenzen method (fluorometric determination, Lorenzen and Jeffrey 1980) . Mussel condition. Mortality rate, evolution of dry total meat weight and two biochemical parameters (lipid and glycogen) were used to assess mussel condition. Mortality rates were evaluated from the cumulative weight of dead individuals over the trial period in relation to the initial weight of mussels in each tank. Dry weight was estimated from 90 individuals at the beginning, middle and end of the experiment. This material (90 pooled individuals) was then used for analysis of total lipid and glycogen concentrations according the methods described by Bligh and Dyer (1959) and Dubois et al. (1956) , respectively, with 9 replicates.
Biodeposits. As water release from the biodeposits could not be avoided, the collection of the more or less aqueous sludge could not be quantified. Biodeposits were nevertheless analysed. After decanting, some water was removed, the remaining mud was homogenized and an aliquot was preserved frozen. After thawing, the biodeposit volumes were reduced by centrifugation and an aliquot from the bottom was freeze-dried for water content analysis. Toxin analysis was carried out on 1 to 5 g of wet deposit, depending on the amount available. Extraction was then conducted in the same way as for tissues. One aliquot was subjected to alkaline hydrolysis for ester detection with the same procedure as that used for digestive glands. Results were expressed in concentration per gram of dry weight.
Toxin extraction and detection. The toxins were extracted from the thawed tissues (digestive gland and residual meat) in accordance with a lab-designed protocol (Mondeguer et al. 2004 ) validated against certified contaminated standards (AOCS-1 and MUS-2 IBM, NRC, Canada). An extraction was made on a 4 g aliquot from the homogenate, using 10, 8 and 6 ml of pure acetone. Acetone was favored over methanol for its capacity to extract lipophilic toxins (Mondeguer et al. 2003) . The combined acetone layers were topped up to 25 ml and then split into two equal fractions and evaporated to dryness. One fraction was used for alkaline hydrolysis for detection of okadaic acid derivatives (diol or acyl esters). The dry residue was re-suspended in 1 ml pure acetone, and 125 µl NaOH water solution (2.5 N) were added. After one night at room temperature, the reaction was neutralized with 125 µl HCl (2.5 N) and the solvent was evaporated. This procedure was previously compared with the usual one (75
• C for 40 min) on a sample with 3 replicates. The results were as follows: 3.9 ± 0.6 µg g −1 and 4.2 ± 0.3 µg g −1 for room temperature and 76
• C for 40 min, respectively, and treatments were not significantly different (t-test p > 0.05). Our procedure could therefore be used to save time by reducing the number of sample manipulations. The dry hydrolyzed and non-hydrolyzed extracts were dissolved in 10 ml hexane/chloroform (50/50 vol.). The solid-phase extraction process was automated on an AS-PEC Xli robotized unit (Gilson) fitted with a silica cartridge (Lichrolut Si 500 mg, 40-60 µm), conditioned with 15 ml chloroform and then 10 ml hexane. Then, 1.5 ml of the extract was eluted with a mixture of methanol/chloroform (50/50 vol.). Detection and quantification were carried out by HPLC coupled with ion trap mass spectrometer (LC-MS), under the following conditions: column and pre-column: Kromasil: C18 (250 mm × 2.0 mm, ID 0.5 µm); temperature: 40
• C; isocratic mobile phase: acetonitrile/water + 0.1% trifluoroacetic acid , TFA (75/25 v/v); flow: 0.2 ml min −1 . The ThermoFinnigan LCQ Classic ion trap mass spectrometer (San Jose, CA, USA) was operated in the electrospray positive ion mode. The source voltage was maintained at 4.5 kV. The heated capillary was operated at 120.5
• C, and the sheath and auxiliary gases were set at 44 and 15 (arbitrary units), respectively. The instrument was set to acquire 3 microscans with a maximum injection time of 300 ms per microscan. Ultrahigh-purity helium was used as the buffer gas. For data-dependent MS n analysis, the most abundant ions exceeding the threshold of 5 × 10 3 were isolated using an isolation width of 2 Th and the predominant monoisotopic peak was selected for collision-induced dissociation (CID) experiments. The data were obtained with a relative collision energy of 20% for both full MS (650 to 900 m/z) and MS 2 (500 to 885 m/z). Data acquisition and reduction were carried out using Xcalibur software (version 1.2).
The analysis quantifies the daughter ions by comparing the response obtained with that of methanolic dilutions of a reference solution of okadaic acid (OA) provided by the IMB of the National Research Council (Halifax, Canada). The quantification limit was 0.05 µg OA g −1 (fresh tissue). The mean value recorded on the certified reference material (NRC/CMR-DSP-MUS-b) measured on 8 extracts, performed with the same procedure as for the samples, was 9.47 ± 2.28 µg OA g −1 for a certified value of 10.1 ± 0.8 µg g −1 . The OA recovery rate after the hydrolysis procedure performed on the certified reference material was 91%.
Solid phase adsorption toxins tracking (SPATT).
After thawing, the bags were rinsed and vigorously shaken to remove salts and water. The resin was eluted with 25 ml methanol. After evaporating the solvent to dryness, the residue was re-suspended in 1 ml methanol, from which 5 µl were used for LC-MS analysis. Statistics. All graphs (histograms and curves) were plotted with Excel software and t-tests were used to compare the means for biological parameters. Linear regression analysis and pairwise comparisons were analyzed with Statgraphic software (Centurion XV).
Results
Food supply
The chlorophyll a concentration measurements in the tanks receiving the fodder algae revealed a retention rate between 75 and 92% for Ker06 and between 82 and 88% for Ker07 (tank A and tank B, respectively). We consider that this retention was strongly linked to mussel filtration. In the tanks without food, the chlorophyll a concentrations recorded at the inlet and outlet flux remained below 0.05 µg L −1 .
Biological parameters
Mussel mortality rates estimated from the total dead individuals recorded in the trays throughout the experiment did not exceed 4% of the total weight.
The evolution of the biological parameters, including weight, is shown for Ker06 and 07, respectively (Fig. 1) . Dry weight. For Ker06, a loss of dry weight was recorded in the unfed mussels (t-test, p < 0.001), whereas biomass was stable in the fed mussels (t-test, p > 0.05, Fig. 1a) . For Ker07, a significant difference in mass was observed between the beginning and the end of the trial for the three food levels (t-test, p < 0.001), corresponding to increases of 14, 15 and 18% for the tank without food, tank A (low food level) and tank B (high food level), respectively (Fig. 1b) . The increase of dry matter in the unfed mussels of Ker07 is a surprising result for the chlorophyll a measures revealed the absence of chlorophyllic organisms. However, we cannot be sure that the media was completely free of organic matter, as this was not verified. Lipid and glycogen. For Ker06 (Fig. 1a) , the total lipid concentrations decreased in the unfed mussels (p < 0.05) but remained at a level equivalent to the initial level in the fed mussels (t-test, p > 0.1). The glycogen concentrations did not vary significantly between the beginning and the end of this trial in either of the tanks (p > 0.05). For Ker07 (Fig. 1b) , the lipid concentrations showed a tendency to increase in the tanks receiving food but the increase was not significant (p > 0.05) whereas the glycogen concentrations differed between the start and the end of the trial in the control tank and in tank B (p < 0.05).
Toxin evolution in the digestive gland
The residual meat, after digestive gland removal, was checked for the presence of toxins several times during the trials (T0, T8, T10 and T21) but no toxins were detected. Therefore, only toxin concentrations in digestive gland will be considered. Firstly, decontamination kinetics according the different food levels were compared distinguishing free OA, measured in non hydrolysed extracts, and total OA, measured in hydrolysed extracts. The concentrations of different kinds of ester that may be accumulated or produced by mussels (diol or acyl-esters) were estimated by the difference between the total and free OA concentrations. Secondly, depuration rates between esters and free OA were compared, depuration rate being defined as the percentage of concentration decrease obtained between the start and the end of the experiment. Ker06 trial. The concentration evolution over time was established separately for free OA and total OA (Fig. 2 ). An overall examination of the relationships suggests two phases.
• Over the course of the first few days, not only was the decontamination not visible, but an increase in OA concentration occurred, except for free OA in the tank receiving the food, which remained stable.
• After the third day,the OA concentrations seemed to follow a linear decrease over time (Table 1) . In fact, disregarding the values of the first two days, the linear relationships were significant in both food levels (p < 0.001). The comparison of the regression slopes obtained for fed and unfed mussels illustrated the divergent behaviour of the two forms of the toxin. For free OA, the kinetics were very similar (p = 0.553). For total OA, they differed significantly (p < 0.001) indicating a faster elimination by the fed mussels than the unfed ones. After three weeks, the total OA depuration rate reached 90% in the fed mussels whereas it was only 52% in the unfed mussels.
Ker07
Trial. In this second trial, an additional food level was introduced and the number of sampling days was reduced to maintain a practical work load. The toxin evolution over time in the three tanks is displayed (Fig. 3) . The free or total OA concentration decrease was more rapid in presence of food. Moreover, OA elimination (free or total) was quicker when diatom supply was greater (in tank B). In contrast to Ker06, the whole shape of the relationships between the concentrations and time fitted better with a decreasing exponential curve for both toxin groups than it did with a linear relation (data not shown). From the same dataset, the log-transformed concentration over time was established for regression analysis for each food level and toxin form (free and esterified OA, Fig. 4) . The regression analysis (Table 2) indicated that each relationship fitted significantly with a linear model (p < 0.001) and pairwise comparison between fed and unfed and between fed A and fed B, showed that there was a significant difference in the slopes between the three food levels (p < 0.01 whatever pair was examined). Decontamination speed is therefore enhanced by the food supply for free OA and total OA. On the other hand, there was no significant difference in slope coefficients between free OA and total OA (p > 0.05) for food level, which is different from results seen in 2006. A dry weight increase of the total flesh, from 14 to 18%, was recorded in the Ker07 experiment. Consequently, a toxin dilution over time could be suspected. The kinetics were therefore established by expressing the toxicity in toxin burden (Log transformed quantity of OA per individual) and the same statistical analysis was applied to these new data. Table 2 shows the relevant parameters for these new regressions. The conclusions were the same: i) the linear relationship was highly significant (p < 0.05) for the three food conditions and both toxin groups; ii) there was a significant difference between the three food levels (p < 0.01) and the higher the food level, the more the elimination was accelerated. Toxin elimination is clearly established. After three weeks, the total OA depuration rate reached 78% and 89% in the fed mussels (tanks A and B, respectively) whereas it was only 61% in the unfed mussels.
Free OA and ester depuration rates. The initial ester concentrations before the experiment were 5 µg g −1 and 6.1 µg g −1 DG dry weight for Ker06 and Ker07, respectively. Histograms show that the depuration rates of esters are systematically lower than those of free OA (Fig. 5) . This is particularly clear in the tank without food in 2006 where ester depuration rate was 9% compared with 80% for free OA. The gap was much smaller in presence of fodder algae where the rate was 80% for esters and 96% for free OA. In 2007, although the ester depuration rate was higher than in 2006 in the tank without food (49% versus 9%), it increased with the food level (75% and 85% for A and B, respectively). 
Toxin detection in biodeposits and in the passive adsorption devices (SPATT bags)
Quantities of biodeposits notably decreased over time in the tank without food, as was expected, while they increased in the tanks receiving food during the trial. In addition, in Ker07, the biodeposit quantity in tank B was around twice the amount in tank A. Although the amount of biodeposits could not be measured precisely, the OA concentrations per gram of dry weight revealed that OA was mainly detected in hydrolysed extracts (Fig. 6) , suggesting that it would be released as esters. Free OA was, in fact, detected as traces in all cases except in the tank without food for Ker06, where the concentration reached around 15 µg g −1 dry weight. For this reason, only total OA evolution is shown in the diagram for tanks with food (Fig. 6) . The same trend in the evolution of total OA concentrations was observed in both tanks, except in Ker06 in the tank without food. After an increase during the first days of the trials, values decreased from around the tenth day for Ker06 and the eighth day for Ker07.
Concerning the passive adsorption of OA on the resin bags, the results of the two trials differed notably (data not shown). No toxin or traces were detected in Ker06, while quantities measured in Ker07 were quite low and highly variable (from 0 to 95 ng per bag), with no trend either over time or with food 262 C. Marcaillou et al.: Aquat. Living Resour. 23, 255-266 (2010) Table 2. level. These amounts of adsorbed toxin are low in comparison with the adsorption capability of polymeric resin for OA (Fux et al. 2008) . 
Discussion
The low mortality rate reflects the appropriateness of the experimental facilities for the maintenance of ∼100 kg of live mussels in good condition. The high retention rate of diatom cells, the stability of the dry flesh weight in 2006 and its . Ker06 and Ker07: evolution of okadaic acid concentrations in biodeposit for both trials for the tanks without (top) and with food (down), shown separately. Only total OA is plotted in the diagram corresponding to the tank with food because, free OA was not detected or only detected as traces in this tank. As total biodeposits were not quantified, this figure gives information on the nature and the relative level of toxins over time.
increase in 2007 demonstrate that the mussels fed on the fodder algae. Moreover, the biochemical parameters confirmed this observation overall. The increase of mean dry weight in the unfed mussels of Ker07 can be explained by the presence of organic matter in the water which may have been more important in Ker07 than in Ker06. Nevertheless, the expected loss of dry matter is not systematically observed in previous studies either. For example, the monitoring of digestive gland weights during comparable decontamination studies has either shown stability until the sixteenth day (Svensson 2003) or a trend towards a rise recorded on the twenty-fourth day of experimentation (Svensson and Förling 2004) .
Concerning the mussel contamination, the similarity in the initial toxicity of mussel batches used for both trials was a coincidence. The initial rates of esters, at 40% and 42% for Ker06 and Ker07, respectively, (∼5 to 6 µg g −1 DG, dry weight). These values are comparable to those obtained in the literature (Suzuki and Mitsuya 2001; Vale et al. 2002; Torgersen et al. 2008) , using the same procedure to measure the total OA from the initial methanolic phase after a hydrolysis step. In this way, all esterified OA derivatives are taken into account.
For both trials, the comparison of OA concentration over time, whether it be as free acid or in esterified form, showed a positive effect of food supply on decontamination rate of mussels. This effect was even greater when the food input was high. Moreover, in the case of Ker07, where an increase in the dry flesh was recorded after three weeks, the same comparison carried out from values expressed as individual toxin burden -taking into account a possible dilution effect -highlighted that it is not due to a tissue dilution. These results contrast with those published by Svensson (2003) who did not observe a significant difference between food rations and concluded that OA depuration was not positively influenced by digestive activity. Nevertheless, the high residual variability reported in this previous study could explain why a food effect was not visible.
The fact that the ester depuration rates were lower than those of free OA suggests that esters would reduce the elimination of total OA, as shown in the comparison between free and total OA kinetics. Additionally, the difference between the depuration rates of free OA and esters tended to diminish as the food supply increased, suggesting that food acts on ester elimination. The high proportion of total OA revealed by biodeposit analysis with the low adsorption of OA in the resin bags reinforces this hypothesis.
This difference of behaviour according to toxin chemical structure was well demonstrated in the results of Ker06, on one hand by a significant difference between free and total OA decontamination kinetics and on the other hand by the ester depuration rate that was only 9%. In Ker07, the phenomenon was not proven statistically. Nevertheless, for each food supply, the time taken to reduce the total OA content by half was once again longer than for free OA, and the rates of ester detoxification remained lower than those for free OA. The slower elimination of esters was also previously proposed by other authors who attempted to model the detoxification of DTX-contaminated mussels by a theoretical approach (Fernández et al. 1998; Moroño et al. 2003) . Torgersen et al. (2008) demonstrated that fatty acid esters, quantified after hydrolysis, depurate slower than their toxin parent. They reported a mean half-life of 17 days for free OA and 35 days for OA acyl esters in mussels (M. edulis). However, when they measured these acyl esters directly by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and LC/MS 2 , they found that their half-life was reduced to 10 days compared to the half-life of free OA. These results suggest that ester depuration would depend on chemical structure of the acyl group attached to the OA molecule.
Although both of our experiments were very similar in their methodology, the kinetic models are different. For Ker06, the toxicity evolution over time fits well to a linear relationship after the first two values are discarded. During the first two days, one observes an unexpected increase in the OA concentration, except for free OA in the fed mussels. The same observation was reported by Svensson (2003) in mussels fed with the lowest ration tested and in unfed mussels. This author attributed the phenomenon to a loss of digestive gland mass. This reason cannot be put forward in our case because there was no significant weight loss during the first ten days in the unfed mussels. Moreover, total OA concentration also increased in the digestive glands of fed mussels, while their dry weight remained stable. This OA increase could be explained by the digestive gland dissection, however. This action would have eliminated other body parts that might have been retaining algal cells. The amount of toxins in these other tissues would therefore not be taken into account on day T0, but might be assimilated into the DG in the following few days in the live animals.
This apparent "over contamination" at an early stage of the decontamination has been already described (Marcaillou et al. 1993; Blanco et al. 1999) . In a review, Blanco et al. (2005) proposed a model describing the evolution of OA and its derivatives over the course of decontamination. They attributed this phenomenon to a release of OA caused by the rapid hydrolysis of OA derivatives present in Dinophysis cells. Indeed, OA diol-esters have recently been discovered in Dinophysis cells (Susuki et al. 2004; Miles et al. 2006 ) and, as OA diol-esters are known to be rapidly hydrolysed either by phytoplanktonic esterases (Quilliam et al. 1996) or mussel enzymes (Miles et al. 2004) , their presence can be the source of OA release during the early phase of the decontamination. The extent of the presence of toxic cells in the digestive gland depends on the environmental situation preceding sampling. It differs according to studies and could explain why this phenomenon is not systematically reported. It could also explain why there was a difference between the two kinetic models described in this study. For Ker07, the absence of sampling during the first two days prevents us from knowing whether residual contamination occurs. However, the free OA concentration recorded on the third day was slightly higher than the starting concentration, which may suggest that a residual contamination occurred. For this trial, the data set fits very well with a biphasic shape, largely used in models (reviewed by Blanco et al. 2005) . The difference between the decontamination kinetics recorded in fed mussels (food B) and unfed mussels was particularly noteworthy on the third day.
From both experiments, the time required to reduce the concentration by half, with the diet provided, is around 6 to 7 days. This duration of half-life is close to the shortest values of semi-depuration times recorded by Blanco et al. (2005) , but is lower than times reported by Torgersen et al. (2008) who found a half-life of 10 days for acyl-esters quantified individually and 17 days for free OA.
Nevertheless, in the conditions described here, from an initial contamination of around 950 µg kg −1 (fresh total meat), 18 and 14 days were necessary to reach the legal limit (160 µg kg −1 total flesh) in 2006 and 2007 (with the highest food level), respectively, whereas it was not reached at the end of the trials in the unfed treatments. In the natural area for both years in 2006 and 2007, the shellfish market was re-opened in the sixth week after the beginning of the experiments in accordance with the monitoring survey. Therefore, the potential for reducing the time during which these shellfish are unsafe for consumers has been clearly demonstrated by these two experiments conducted in consecutive years. This study also led to hypotheses that may pave the way for future investigations. The time required to reach the regulatory threshold may seem too long for such an experimental system to be considered economically viable. Further work is therefore needed to reduce this time, and should be guided by the possible effect of the diet on ester synthesis and/or elimination over the course of time.
